T power converter that serves as a dc to ac inverter, maximum power point tracker (MPPT) and battery charger for stand alone photovoltaic (PV) power systems. A theoretical analysis of the proposed converter is performed and compared with experimental results obtained from a 1.5-kW prototype. The overall cost of PV systems can thus be reduced by employing load management control [ 11 and efficiency optimization techniques. This will have a positive effect on the viability of renewable energy systems in general [l] , [2] , [3], [5] , [14] , [IS] .
The overall efficiency of a cascade system comprises the product of the individual efficiencies of the subsystems. For this reason grid-connected PV systems have normally higher total system efficiencies because of the lack of series power stages [2] , [7] , [15] . The total cost of the energy system comprises the sum of the subsystem costs, which has a negative effect on the viability of PV energy systems. Photovoltaic power systems, used as remote area power supplies (RAPS), have to make use of battery back-up, regulators, MPPT's and inverters. Fig. 1 shows a PV system with a PV generator, a maximum-powerpoint-tracker (MPPT) [SI, a voltage regulator, battery back-up and an inverter. When assumed that all the energy is stored in the battery, and then supplied to the load, the overall efficiency ( ? l e ) from the PV array output to the load input, is given by v e = qrnppt . ?r . ?b ' 171.
With an assumed 90% efficiency in each building block, i.e., MPPT ( vmppt), regulator ( q r ) , battery ( v b ) and inverter ( v l ) , the effective efficiency ve = 66%. However, when cascaded power conditioning systems are replaced with paralleled power conditioning systes, the total power system efficiency ( q e ) is improved [9] , [ 161.
(1) Manuscript 
THE NOVEL MPPT TOPOLOGY
A large amount of work has been done on the topic of maximum power point tracking and maximum-power-point-trackers (MPPT's) [l], [5] . A new proposed technique for maximum power point tracking employs a capacitor in series with the PV array and the battery bank. Fig. 2 shows this technique schematically. Most of the time this capacitor C, is the decoupling capacitor at the input of the converter and no extra capacitor is needed. Maximum power point tracking is performed by controlling the converter output voltage to load the PV array in such a manner as to keep the PV output voltage constant [ 5 ] . When the capacitor voltge is kept for instance equal to the battery voltage, the power delivered to the battery equals the power delivered to the capacitor. Under this condition, half of the PV power is supplied directly to the battery at an efficiency of nearly loo%, if the conduction losses of the cabling is ignored, while the other half is converted to the battery by means of the power converter.
Analysis of MPPT Eficiency Improvement
When the converter in Fig. 2 operates at an efficiency of q,% , Thus, for TJ, = 90% and V, = v b , qpvc = 95%. This shows that the total efficiency of the PV converter system is highet than the efficiency of the power electronic converter (PEC). be half the power rating of the PV array. It should however be noted that the current ratings for the PEC and the PV array are the same. This is an encouragement for using higher voltage PV arrays. It is thus clear that a smaller power electronic converter, with a lower power rating than the power rating of the PV array, may be used to perform MPPT.
Applications in Standard MPPT's
The following is a striking example of the advantages linked to the employment of this technique: a 100-W 24-V MPPT with 80% efficiency may be used to control, at 96% efficiency, a 500-W 120-V PV array, feeding a 96-V battery! It is important to note that any existing MPPT with galvanic isolation between the PV array and the battery, or the polarity changing buck-boost and Cuk converter topologies [ 1 11, can be used with this new technique. Care should however be taken to avoid unwanted instability of the control loop due to the capacitor and the parasitic inductace from the PV array [13]. The capacitor C should further be large to minimize the ripple in the PV array output voltage.
Apart from the increased system efficiency, this new technique allows a possibility to size the PV arrays independently of the storage battery voltage. Optimization for the lowest possible conduction losses between array and battery, for the same cable cost, can thus be achieved.
Combined MPPT and Regulator
When lead acid storage batteries are used in PV applications, the minimum regulator functions comprises, overcharge protection and deep discharge protection. Temperature compensation and charge current regulation are also recommended. Normally all these desired regulator functions should be included in the MPPT. These protection capabilities causes a marginal increase in cost, with no significant reduction in power efficiency. The same benefits may in general be found by combining the MPPT and the inverter.
DESCRIPTION OF COMBINED INVERTER, MPPT, AND REGULATOR
In typical rural RAPS applications, 220 VAC or 110 VAC is needed from a PV power supply system for domestic appliances such as refrigerators, freezers, microwave ovens and television sets, which necessitates an 50/60 Hz inverter. This inverter should be efficient, reliable and affordable. A large number of authors refers to inverter topologies for off-grid applications At no, or very low insolation, the inverter acts as a classical center-tap inverter where the battery is the source and N , the secondary winding that supply power to the ac load. At all other levels of insolation, the charging current from the solar array IPv, charges the battery via C, and the two diodes D2 and 0,. The voltage on capacitor C, is regulated to such a value that the output voltage of the PV array is kept on the maximum power point of the solar array. The capacitor voltage is regulated by changing the pulse width of the conduction times of the transistors TI and T2. An increased pulse width will supply more power to the battery and will deliver a higher ac voltage to the Fig. 5(a) . The power limit is lower, because the input voltage is only vb. The AC voltage is controlled to a constant V at 50 Hz, while the battery is protected against deep discharge. A current loop is employed to protect the converter against over current. By means of load management, a low kVA demand during night time can be ensured. In this mode the input voltage is low and the switching element is a diode D , or D,, in series with a deep saturated bipolar transistor TI or T2. Due to this series combination of the diode and the transistor and the low battery input voltage, it is expected that the efficiency in this mode will be the lowest.
Mode 2: The converter acts as a higher kVA inverter to supply the day-time load requirements, i.e., induction machines for water pumps, hold-over refrigerators and freezers. The components T , , T,, C,, L and C,, and windings N,, N4 and N , are used in this mode, as shown in Fig. 5(b) . The capacitor voltage V,, is controlled in such a way that the PV array voltage is kept on the point of maximum power. Indirectly the capacitor plus battery voltage is kept constant by changing the rms value and frequency of the AC load voltage by means of the duty cycle of the transistors. The frequency/voltage ratio of the output voltage is kept constant by means of a feedback signal. The output is controlled between 40 and 60 Hz. By means of load management, hold over refrigerators and freezers and water pumps, can be switched on when the insolation is high. Current limiting protects the converter from over current. In this mode the input voltage is high and the switching element is only the Fig. 5(c) . By changing the pulsewidth d of the power transistors TI and T2, the battery charging current can be controlled. With high insolation the average pulse width will be high, and therefore the charging current available to the battery will be high. When the battery is fully charged, the battery is disconnected. In this mode, the input voltage is high, but the switching elements are effectively a transistor and a rectifier Schottky diode. The expected efficiency in mode 3 will be higher when compared to the efficiency in mode 1 and lower when compared to the efficiency in mode 2.
The converter can furthermore operate in both modes 2 and 3. This will normally be the case when the load is smaller than the maximum power supplied from the solar array. If the solar array supply less power than the load is requiring, the converter will be operating in modes 1 and 2 and the power will be sup- plied partially from the battery. The converter can be seen as a single converter which operates in the above three modes. 
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Controller
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Control of the Compound Converter
Current Limit Loop:
For protection against over current the switching elements are turned off when the current limit is reached. This loop has a response time of in the order of 3 p s and is using the on-state voltage of the bipolar transistor as control parameter [3] .
Batter State of Charge: When the battery is fully charged the battery is disconnected, and the inverter operates only as a high voltage inverter in mode 2.
By night the converter operates only in mode 1 and three control loops are active, namely: AC VoZtage Loop: The output voltage is fed back and compared with the reference voltage. Pulsewidth modulation is used to control the output voltage to a constant 220 V at 50 Hz.
Current Limit Loop: As with day operation above. Under Voltage Cut: The battery voltage is fed back and the converter is switched off when the battery voltage drops below the minimum voltage allowed.
PRACTICAL PROTOTYPE CONVERTER
A 1.5-kVA compound converter, as described above, has been developed with a low cost 803 1 microprocessor based controller. The power circuit with controller is shown in Fig. 7 , and refers to the schematic diagram of the converter in Fig. 4 and the block diagram shown in Fig. 6 capacitor with low ESR capacitors in parallel. A signal processing board entails the necessary signal processing, multiplexing and A-D converter circuits, while the 8031 microprocessor is used to generate the necessary reference signals for the converter, based on the control strategy described earlier.
EXPERIMENTAL RESULTS
The experimental results obtained form the above described prototype combined inverter, MPPT and battery charger include output waveforms, efficiencies in the different modes of operation, the dynamic performance during transients and the performance of the MPPT controller.
Output Waveforms of Compound Converter as Inverter
The output voltage and current waveforms with a resistive and inductive load, are shown in Fig. 8(a) and 8(b) , respectively.
The voltage waveform is sinusoidal modulated by the controller and produces a reasonable good waveform, even with an inductive load. Some adjustment in the overall control strategy will produce better waveforms even with nonlinear loading. 
Dynamics of Compound Converter as Inverter
The ac output of the compound converter is not interrupted during a transient from one mode of operation to the next. Fig.  9 shows the transient in the battery current Ib, with a disconnection of the PV current IPY. While the PV array produces the current Zpv, the converter acts as a battery charger (Z, negative) and an inverter. With a disconnection of the array input power, the converter still supplies the load power directly from the battery.
Performance of MPPT Controller
The hill climbing MPPT algorithm [16] , has a good performance even under fast changing conditions. The output power of the converter as battery charger is plotted in Fig. 10(a) and (b). The same measured data was used in Fig. 10(a) and (b) . Fig. 10(a) shows the performance of the MPPT controller during changes in the maximum power point of the input power source, while Fig. 10(b) illustrates the same power data versus the array input voltage. The controller starts with the conditions indicated as (s) and follows the arrows. The changes in the maximum power point are simulated in the laboratory.
Eficiency of the Compound Converter
The efficiency of the compound converter is measured in all three modes of operation and is plotted in Fig. 11 . The lowest efficiency, as indicated in a previous paragraph, is obtained in the mode 1, the low kVA inverter from a battery. This result is plotted in Fig. 1 l(a) voltage of 24 V, results in a maximum efficiency of 75 % at 300 W for a nominal 500 VA inverter in mode 1. The efficiency of the converter as battery charger in mode 3, from the PV array, is plotted in Fig. 1 l(b) . A higher efficiency as with mode 1 is obtained with a maximum of 84% at 400-500 W for a nominal 1-kW battery charger. This result compare reasonable good with the analysis shown in (2) and plotted in Fig. 3 .
When the converter is used as a high kVA inverter, directly from the PV array, the highest efficiency rating is anticipated. This result is shown in Fig. ll(c) . The efficiency peaks at a maximum of nearly 90% at a power rating of 800 W for a nominal 1.5-kVA inverter. Furthermore the efficiency stays higher than 80% from around 200 W to nearly 2000 W, which is essential for renewable energy systems.
These efficiencies should be compared with the total efficiency of a cascade PV power conditioning system, which consist of a battery regulator, MPPT and inverter in a conventional solar energy system. These above-mentioned efficiency results show that the compound converter shows distinct advantages when applied to renewable energy systems.
SUMMARY AND CONCLUSION
A unique technique to improve the efficiency of a maximumpower-point-tracker has been introduced. A compound power converter that serves as a high efficiency dc to ac inverter, a MPPT and a battery charger for photovoltaic systems has been introduced, described and evaluated. Power flow through the converter is controlled by means of a novel combination of duty cycle and output frequency control. With load management, large domestic loads i.e., single phase induction motors for water pumping, hold-over refrigerators and freezers can be driven by day at a much higher energy efficiency. This is due to the high efficiency of the inverter with high insolation and that the inverter uses the energy directly from the solar array. The battery loss component is thus reduced. The compound converter facilitates the following advantages:
The PV array voltage and the battery voltage can independently be optimized to ensure the lowest possible PV SYStem cost. With high insolation the power rating of the inverter is high to deliver power to the larger power loads, i.e., induction machines for water pumping and compressors for hold-over freezers and refrigerators. Only two switching elements are used. With the aid of load management the energy demand at night time can be much lower than be day and therefore the battery capacity (and thus the cost) can be reduce significantly. A lower night time demand prevents deep discharge of the batteries and thus extends battery life. Higher PV system efficiency, and thus lower overall costs, can be obtained due to parallel operation of the converter as MPPT, battery regulator and inverter.
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Future work will include detailed steady state and dynamic analyses of this prototype converter, while practical improvements of the control strategy will be made with a reduction of overall losses.
